Abstract--Parathion and methyl parathion adsorbed at high loads on clays and similar surfaces exhibited properties of a bulk phase, such as a well-defined solubility and a characteristic X-ray powder diffraction (XRD) pattern, different from those of the free substances. The aqueous solubility of parathion condensed at these surfaces was as low as 1.2 #g/ml as compared to 14 tzg/ml for free parathion. The BET isotherm described the behavior of the investigated surface condensates even though these condensates were different from the multilayer adsorption for which the BET isotherm was originally developed. The XRD patterns of parathion and methyl parathion adsorbed on Na-bentonite exhibited reflections which were shifted towards higher angles as compared with the XRD patterns of the free compounds. This is in agreement with the lower solubility of the surface condensates. The properties of these condensates were easily controlled by the choice of adsorbent as well as by the choice of conditions under whch they were prepared. The existence of such surface-condensed phases and the manipulation of their properties can be utilized for the slow-release formulation of organophosphate esters which is important, for example, in pesticides application.
INTRODUCTION
The widely used pesticides parathion (O,O-diethyl-O-4-nitrophenyl phosphorothionate) and methyl parathion (O,O-dimethyl-O-4-nitrophenyl phosphorothionate) have the following structures: S o~N~ 0 ll~O--R -P~0--R where R = C2H5 for parathion and CH 3 for methyl parathion. A number of studies (e.g., Bowman, 1973; Bowman and Sans, 1977; Yaron and Saltzman, 1972; Gerstl and Yaron, 1978; Yaron, 1978) on the interaction of these and other organophosphate esters with various clays in aqueous and nonpolar media have shown that the adsorption of organophosphate esters on a clay surfaee is highly dependent on the exchangeable cation and its hydration state. Previous studies investigated the low part of the adsorption isotherms; yet, if clays are to be used as carriers for pesticides or other bioactive substances, it is important, for example, to study the interactions oforganophosphate esters on clays at high surface concentrations.
In the present work the interactions of parathion and methyl parathion at high loads were studied by examining: (1) desorption isotherms of parathion into water from various homoionic bentonites; (2) X-ray powder diffraction spectra for parathion in liquid, adsorbed, and frozen phases and for methyl parathion in solid and adsorbed phases. The BET isotherm has been found to describe the type of condensation encountered Copyright 9 1985, The Clay Minerals Society despite the differences between this condensation and the multilayer adsorption for which the BET isotherm was developed (Brunauer et al., 1938) .
MATERIALS AND METHODS

Materials
Na-, Ca-, Mg-, and Al-bentonites were prepared from Wyoming bentonite (Fisher B-235, Fisher Scientific Co., Fairlawn, New York) by the procedure of Shainberg and Otoh (1968) . Deuterated parathion and methyl parathion synthesized in the Geoisotopes Department of Weizmann Institute of Science were used for the X-ray powder diffraction (XRD) analysis, and 14C-labeled parathion (Amersham Radiochemicals Centre) was used in the desorption studies.
Procedures
Desorption isotherms. Clay samples were oven-dried at 105~ for 24 hr or equilibrated in desiccators at 15% and 32% relative humidity for three weeks. Parathion solutions in n-hexane having initial concentrations in the range 50-5000 ppm were then shaken with the homoionic bentonite at a clay to solvent ratio of 1:100. Clay portions of 0.5 g were used in each run. After the clay had been shaken for 48 hr, it was allowed to settle, and the hexane was pipeted out. The hexane traces left were determined gravimetrically, and the clay was then dried in an air-stream at room temperature. No parathion was lost during the drying as determined by the twoliquid phase extraction procedure of which gives a complete recovery of the adsorbed parathion.
The dried parathion-treated bentonite was suspended in water at a parathion to water ratio of 8 ppm. This fixed water to adsorbate ratio prevented large differences in the concentrations of the solute released into the solvent upon desorption. If a fixed water to adsorbent ratio had been used, both saturation of the solution at high surface concentrations and bulk concentrations below the reliably detectable limits at low surface concentration might have occurred during desorption. The aqueous bentonite suspensions were shaken for 24 hr Figure 2 . Calculated condensation isothe for paratbion ron, 1978) , and 2 = from Ca-bentonite (present study). Figure l. Desorption of parathion into water (l) from AI-, (2) Mg-, and (3) Na-bentonite on which parathion was adsorbed from hexane. before the desorption measurements. The rate of attaining equilibrium ranged from 1 hr to nearly 24 hr; the greater the surface concentration, the slower was the attainment of equilibrium.
Preparation of samples for XRD analyses. The XRD analyses
were conducted on oven-dried (105~ for 24 hr) Na-bentonite treated with parathion or methyl parathion as described below except for c-spacing determinations which were designed to study the effect of moisture content on interlayer penetration. These determinations were also conducted on air-dried Nabentonite treated with the organophosphate esters. Parathion and methyl parathion solutions in n-hexane at initial concentrations of 5000 ppm were shaken for 24 hr with Nabentonite at 1:26 clay to solvent ratio, and the hexane was then evaporated under a stream of air at room temperature. Clay portions of 2 g were used for each run. The resulting clay samples contained 130 mg/g of either of the phosphate esters. The adsorption capacity (240 mg/g) of oven-dried Nabentonite for parathion was determined as follows: parathiontreated Na-bentonite samples with different parathion contents as high as 400 mg/g were prepared in the same manner as described above for the XRD analyses, but using different clay to solvent ratios. After all of the hexane had been removed, the samples were kept in the air-stream for additional 24 hr. For samples containing more than 240 mg/g parathion, the rate of evaporation of parathion decreased abruptly by about tenfold. Systems whose parathion content was initially below 240 mg/g displayed the lower rate of evaporation throughout the period of exposure to thg air-stream.
Apparatus and analytical methods Gas-liquidchromatography. A Tracor 560 gas chromatograph equipped with an NP 702 detector and a glass column 90 cm long, filled with 3.4% QF-1 + 6.2% DC-200 on Gaschrom Q, was used. The operating conditions were 225% 205 ~ and 225~ for the inlet, column, and detector, respectively, and the flow rate of the gas carrier (N2) was 70 ml/min.
Liquid scintillation. Water and hexane solutions obtained in the desorption and adsorption runs were counted in the presence of a scintillation fluid containing 60 g naphthalene, 4 g PPO, 0.2 g POPOP, 100 ml methyl alcohol, and 20 ml ethylene glycol in 1 liter of dioxan. A Packard PL Tri-carb liquid scintillation spectrometer was used.
X-ray powder diffraction. A Philips X-ray diffractometer type 1030 with a Co target was used for powder samples. Liquid samples and samples requiring higher sensitivity were examined using a Debey-Scherrer microfocus camera with Cu as a source of radiation and an exposure time of 48 hr.
RESULTS AND DISCUSSION
Desorption isotherms of parathion released from AI-, Mg-, and Na-bentonites into water are presented in Figure 1 . The data for the Ca-bentonite are given in Figure 2 . In the range of humidities studied the moisture content of the clays at the time of adsorption of parathion from hexane did not affect the isotherms significantly. Figure 1 shows that starting at some sur- Yaron and Saltzman (1972) Desorption into water after the solid phase was loaded with parathion from hexane.
2 Attapulgite with hexadecyltrimethylammonium as the exchangeable cation.
3 Isotherm measured at 10~ face concentration of parathion, the solution approaches saturation for all the investigated bentonites. Almost no further increase in the concentration of the parathion released into the water was noted at higher initial surface concentrations. The maximum concentration in solution ofdesorbed parathion was 5-7 ppm (Table 1) , although the solubility of parathion in water is 13-14 ppm (Bowman and Sans, 1977; Gerstl, 1979) . Such saturation suggests that at a sufficiently high adsorption rate parathion at the clay surface forms a condensate having a different solubility than the free parathion. Related forms of surface condensation have been described for the adsorption of proteins (McRitchie, 1972) and surfactants (Furlong and Sasse, 1983) . Mingelgrin et aL (1977) suggested that at low surface concentration, parathion molecules adsorb on clay surfaces at specific sites. Subsequent condensation of parathion may occur at higher surface concentrations with the initially adsorbed molecules serving as nuclei for the condensation. Whereas the saturation concentration in solution was 5.4 ppm for the Al-bentonite, it was > 6 ppm for the Ca-and Mg-bentonites and higher for the Na-bentonite. Saturation concentration is determined by the solubility of the phase forming at the adsorbing surface. Thus, solubility is dependent, to some extent, on the type of the exchangeable cations which, together with their hydration water, were suggested as the specific adsorption sites of parathion on clays (Mingelgrin et al., 1977) .
Structural investigations of the condensed phase formed on clay surfaces
To ascertain whether or not a phase was present at the surface, XRD spectra of liquid and frozen parathion and of parathion adsorbed on oven-dried Nabentonite were obtained (Figure 3) . A broad XRD reflection at about 5.3 Zk was observed for the parathion adsorbed on bentonite (Figure 3b ), but was not detected in the pattern of the untreated bentonite (Figure 3a) . A weak peak at 3.4 J, was also observed in the pattern of the parathion adsorbed on bentonite. The liquid parathion pattern contained two broad peaks at 3.7 and 5.7/~ (Figure 3c ), the intensity of the first being lower than that of the second. For frozen parathion, peaks at 5.0 and 3.8 ,~ were observed. The presence of an ordered phase at the surface is thereby suggested by the existence of an XRD pattem of adsorbed parathion. The shift of the 5.7-• peak of the liquid parathion to 5.3/~ in the adsorbed phase and to 5.0 ,~ in the frozen parathion may suggest that the adsorbateadsorbate interactions are stronger than the intermolecular interactions which occur in the free liquid parathion. These relationships are in agreement with the low solubility of the condensed phase at the surface as compared to free parathion. The same conclusion may be drawn by comparing the XRD patterns of free methyl parathion and of methyl parathion adsorbed on bentonite (Figure 4 ). The main peak in the powder diffraction pattern of free methyl parathion (obtained by evaporating to dryness the hexane solution of methyl parathion) was recorded at 5.12/k. A corresponding peak was in the spectrum of the adsorbed methyl parathion at 5.06 ~. That this small difference is significant was ascertained by mixing free methyl parathion with the methyl parathion-loaded-clays (both as powders) in various proportions and observing the behavior of the resulting peaks. The difference in spacing between the adsorbed and free solid methyl parathion was smaller than the difference between the free and adsorbed liquid parathion. The other differences between the diffractograms (Figure 4 ) of the free and the adsorbed methyl parathion (e.g., line width and the absence of the 5.36-/~ peak in the adsorbed methyl parathion) may reflect differences in crystal size as well as in the crystal structure itself. Figure 5 presents a computed model for the packing of molecules in a methyl parathion crystal. Such packing is in line with results obtained for other organophosphate esters (Banghman and Jacobson, 1975, 1976) and is also physically feasible for the condensed phases of adsorbed parathion and methyl parathion. The proposed packing is facilitated by the interactions of the 6(+) on the P atom with the 6(-) of an O atom in the nitro group. The distance, d~ (Figure 5 ), which for parathion is 5.7/~ and for methyl parathion is 5.12 ~, agrees with the van der Waals radii sums. Mingelgrin et al. (1977) suggested that the dominant interaction between the exchangeable cation and the phosphate ester is through the thiophosphate group. This interaction may cause a shift in the electron density towards the thiophosphate group away from the nitrophenyl group. One reason for the decrease in the intermolecular dis- . X-ray powder diffraction patterns of (a) Na-bentonite; (b) methyl parathion adsorbed on Na-bentonite; (c) free methyl parathion (CoKa radiation).
tances, dl, in the adsorbed phases of parathion and methyl parathion may thus have been the reduced mutual repulsion of the rr clouds of two parallel tings. As the valence of the exchangeable cations increased, this repulsion should have decreased, as should have dl. These relationships are in agreement with the observed order of solubility of the condensed phase of parathion on the homoionic bentonites: Na > Ca(Mg) > A1. Mingelgrin et al. (1977) proposed that the molecule Figure 5 . Structure of methyl parathion crystal computed from its single crystal X-ray diffraction pattern, d, represents the distance corresponding to the major reflection in the X-ray diffraction pattern.
which interacts directly with the exchangeable cation lies parallel to the clay surface. Such an orientation of the organophosphate molecule is suitable for a nucleation site of the stacking model proposed in Figure 5 .
The investigated phosphate esters can adsorb either on the external surfaces of smectites or in the interlayer spaces where the condensation is, of course, hindered. Figure 6 presents the XRD patterns corresponding to the c-spacings of Na-bentonite which was treated with either parathion or methyl parathion, of untreated Nabentonite, and of Na-bentonite shaken with hexane and dried in the same manner as the phosphate estertreated samples. The analytical grade hexane may have contained traces of water, and the hydrophilic clay may have adsorbed this water causing some swelling. The organophosphate ester dissolved in hexane may have competed with water for adsorption sites in the interlayer spaces or have been adsorbed through water bridges. Even if the parathion competed for adsorption sites with water, it might have penetrated between the layers only after some swelling had occurred due to water uptake. The potentially complex effect of water on adsorption at the interlayer clay surfaces makes the elucidation of the nature and extent of such adsorption from hexane on the basis of the observed c-spacing rather difficult (e.g., Saltzman and Yariv, 1976 and Figure 6 ). At any rate, the relatively well-defined and intense reflection at about 15.3 A of the air-dried Nabentonite treated with methyl parathion (Figure 6 ) as compared to the very wide, low-intensity reflection of the parathion-treated clay centered at about 13.1 ,~ suggests that the methyl parathion penetrated the interlayer spaces relatively easily, whereas parathion penetration was hindered. The methyl parathion penetration was restricted, however, to some extent, when the initial c-spacing of the smectite was reduced due to a lower water content (Figure 6d, 6e) . The above observations demonstrate that steric factors may de- 2(9" Figure 6 . X-ray powder diffraction pattern corresponding to the basal spacing of (a) air-dried Na-bentonite; Co) air-dried Na-bentonite after equilibration with hexane; (c) air-dired Nabentonite treated with ethyl parathion; (d) oven-dried Nabentonite treated with methyl parathion; (e) air-dried Nabentonite treated with methyl parathion (CoKa radiation).
termine the relative importance of condensation in the adsorption of organophosphate esters on smectites. Nuclear magnetic resonance (NMR) studies are currently in progress. Preliminary results indicate that the general features of the NMR spectra of parathion adsorbed on bentonite are similar but not equivalent to that of the free parathion. A scan at 200~176 showed that the D 2 NMR spectrum of the adsorbed deuterated parathion exhibited down to 300~ characteristics of an adsorbed liquid and at lower temperatures characteristics of a solid. This behavior suggests that the arrangement of the adsorbed parathion is in a bulky condensate capable of a transition between a liquid and a solid phase. These features of the NMR spectra are in agreement with a proposed adsorption process in which most of the adsorbate exists as a condensate similar but not identical to the free state and in which only a small fraction of the adsorbate is directly bound to adsorption sites on the clay. Parathion-parathion intermolecular interactions appear to dominate the behavior of the molecules adsorbed on the bentonites at a sufficiently high surface concentration, but the surface may determine the nature of these interactions. The desorption isotherms (Figures t and 2) suggest that a condensed phase may exist at the surface even at surface concentrations under 10 mg/g which is well below the level of saturation (e.g., Gerstl and Yaron, 1981) for direct adsorption (as opposed to condensation).
CONDENSATION ISOTHERM
The adsorption of the phosphate esters may consist of two steps. The first step is adsorption at specific sites; the second is condensation at sites already occupied by an adsorbed molecule which serves as a nucleus for that condensation. In the following treatment, the total number of sites per unit weight available for the specific adsorption is N, the number of such sites which are occupied is n~, and the number of these sites at which condensations occurred is n2. The treatment holds as long as the equilibrium concentration in solution is practically independent of the number of molecules condensed per site, analogous to the situation in precipitation-dissolution equilibria. The existence of an asymptote in the isotherms (Figures 1 and 2 ) at some solution concentration indicates that this requirement is fulfilled for the investigated range of adsorption rates. The stacking arrangement proposed in Figure 5 , for example, enables a large number of molecules to condense per site before the above requirement breaks down.
The condensation observed in the present study is described well by a BET-type isotherm even though the BET isotherm was developed for a system in which a continuous monolayer ofadsorbate must form before adsorption in a second layer can occur (Brunauer et aL, 1938) . Such a multilayer adsorption is very different from the condensation studied presently and necessitates some redefinition of the parameters appearing in the BET isotherm when applied to the presently described condensation. Following Langmuir (e.g., Adamson, 1976) , at equilibrium CfN -nt)A~e a~ .... n~ -n2,
and CnlA2e ~r .... n2,
where AE~ and AE2 are the net adsorption energies of the first and second adsorption steps, respectively, A~ and A2 are the corresponding constants analogous to frequency factors (e.g., Adamson, 1976) , and C is the equilibrium bulk concentration. A site belonging to n2 also belongs to n~, namely adsorption of the second type (condensation) can only occur on a site already occupied by an adsorbed molecule. When
where S, and $2 are the number of adsorbed molecules of the first and the second adsorption type, respectively. The amount adsorbed in the condensed phase is
where nm is the number of sites at which m molecules or more are adsorbed per site. From Eqs. (1) and (2) E 1
When n I = N, C is independent of the amount adsorbed and is then equal to the saturation concentration, namely to the solubility (Cs) of the adsorbed phase. Note that C~ is different (Figures 1 and 2 ) from the solubility of free parathion. Let bi = AieaE~"L
As long as practically all of the condensate molecules form a well-defined phase, b2 is independent of the distribution of nm. This independence of b2 is equivalent to the aforementioned requirement that the solution concentration at equilibrium is independent of the number ofadsoraate molecules condensed per site.
The mere presence 9f a well-defined XRD pattern of the adsorbed ph use indicates the predominance of sites with a regular stacking, and hence, an apparently constant b2. The presence of an asymptote in the desorption isotherms ~nd/cates that b2 is a well-defined parameter for the condensed phase because the saturation concentration, Cs, is equal to b2 -~ (Eq. (5)). In some systems the net condensation energy (AE2) may decrease, whereas the entropy of condensation may increase as the thickness of the condensate increases. The net effect may be a very slowly varying b2. If b2 varies slowly enough to be well-approximated as a constant for all surface concentrations of interest; the present development applies even though a true phase is ,not present. Again following Langmuir (e.g., Adamson, 1976) , at equilibrium nm/n~_l = b2C.
Eq. (2) 
where S is the number of molecules adsorbed per unit weight. Substituting in Eq. (5) gives
Eq. (11) is identical in form to the BET isotherm (Brunauer et aL, 1938) . This equation is actually more suitable for the condensation model described in the present work (stacking of adsorbate molecules at separated specific sites on the surface) than for the multilayer adsorption for which the BET isotherm was developed. In the latter adsorption a continuous monolayer is assumed to exist before a second layer can begin to form. In such a multilayer adsorption lateral interactions may be more important, and therefore the Langmuir treatment (Eqs. (1), (2) and (7)), which was used in the original derivation of the BET isotherm (Brunauer et aL, 1938) as well, is less applicable. Some of the difficulties encountered by Brunauer et al. (1938) in fitting experimental data to the BET isotherm might have resulted from these lateral interactions. Whereas in the original BET derivation, b 2 was taken as the inverse of the solubility of the free substance, this assumption is clearly not applicable to the condensate described in the present work as its solubility was significantly smaller than that of the free substance.
The condensation isotherm (Eq. (11) has an asymptote at C = ba-J = Cs, in agreement with the experimental data (Figures 1 and 2 ). Significant deviation from the developed isotherm should have appeared when the number of molecules adsorbed in a given condensation site increased above some limit. A larger number of condensed molecules in a site means for example, a greater chance for interactions between molecules on different sites or for accumulation of irregularities in the stacking which may gradually alter the nature of the condensate at that site. Indeed, at sufficiently high S, the nature of the adsorbate began to change as indicated by the finite adsorption capacity for parathion on Na-bentonite (240 mg/g). The observed width of the diffraction peaks of free and adsorbed methyl parathion suggest, however (James, 1965; Jones, 1938) , that the condensed phase in the investigated systems was dominated by site S with a relatively small number of molecules stacked per site (-< 10).
The initial slope of the isotherm (Eq. (11)) is equal to biN and is a function of the exchangeable cation (Figure 1 ). This slope is in the order Na<Ca-~Mg<A1, in agreement with the proposal (Mingelgrin et al., 1977) that the specific adsorption sites are the exchangeable cations and their hydration shell. Concave isotherms similar to those described in the present work were observed for the adsorption of parathion from water on various soils Yaron and Saltzman, 1972) and for the desorption of parathion into water after initial adsorption from hexane onto various homoionic clays (Gerstl and Yaron, 1978) . The state of the directly adsorbed molecules which served as the nuclei for the condensation may have strongly affected the nature of the condensate formed on it and hence ba (e.g., Table 1 ). If adsorption is carried out from one solvent and desorption is attempted in a different medium, the nature of the surface condensation in that last medium may be determined by the direct adsorption in the first one. The rate at which the directly adsorbed molecules reequilibrate with the new solvent may be very slow because these molecules must be exposed from under all the condensed phase molecules covering them before they can equilibrate. This exposure is hindered by the fact that during equilibration adsorbate molecules join the condensed phase while others leave it. An analogous situation is the desorption of a polymer with multiple points of interaction with the surface. Accordingly, a large difference in the desorption of parathion from attapulgite into water was observed between samples in which the parathion was adsorbed from water and samples in which the parathion was adsorbed from hexane (Gerstl and Yaron, 1978) .
Figure 2 presents calculated isotherms (Eq. (11)) for parathion desorbed from Ca-montmorillonite and Caattapulglte into water after being adsorbed from hexane. A least square fit was carried out. It is evident that Eq. (11 ) predicts satisfactorily the surface condensation of the type observed in the present study. The condensation of a solute at a solid surface in contact with a solution was postulated in the past (e.g., Dzhigit et al., 1947) . Generally, however, the condensate at the surface had the same solubility as the free solute. When Cs was different than that of the free solutes it was assigned to the effect of the surface potential on the condensed film. In condensation affected by the surface potential, however, b 2 is likely to decay monotonically with the distance from the surface and the equilibrium concentration in solution will slowly approach the solubility of the free solute. The periodicity required for the diffraction pattems which were observed in the present study may not exist.
CONCLUSIONS
The XRD patterns and desorption data suggest the presence of an ordered phase of parathion and methyl parathion when adsorbed at sufficiently high loads on clay surfaces. The molecular arrangement of this phase bears a resemblance but is not identical to that of the free substances. The behavior of the condensed phase may depend on the mode of preparation of the system even at identical surfaces. The nature of that phase is affected by the nucleation sites proposed to be the exchangeable cations or their hydration shell and by the liquid medium in which the adsorption took place. The difference between the solubilities of the surface condensed phases and the free pesticides can be used to control the release of organophosphate (and possibly other) pesticides applied to media such as soil, water, or air.
